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ABSTRACT 

There are t h r e e  bas i c  modes of s p a c e c r a f t  o p e r a t i o n  
which can be a p p l i e d  t o  a long-durat ion manned miss ion .  They 
are ,  namely, t h e  watch mode, t h e  a l e r t  mode, and t h e  s l e e p  mode. 
A choice  among t h e s e  e p e r a t i a n a l  modes w i l l  s i g n i f i c a n t l y  
e f f e c t  t h e  crew requirements  of t h e  miss ion .  One of t h e  most 
impor tan t  f a c t o r s  which determine t h e  d e s i r a b i l i t y  of these 
modes i s  t h e  response  time of t h e  crewmen r e q u i r e d  f o r  t h e  cor-  
r e c t i v e  a c t i o n s  under each mode i n  case  of a subsystem f a i l u r e  
which may lead t o  a s t a t e  of emergency. 

I n  t h i s  document, t h e  e f f e c t  of t h e  mode of o p e r a t i o n  
on t h e  crew requi rements  and the  miss ion  safe ty  i s  assessed by 
app ly ing  t h e  r e s u l t s  of  t he  human r e a c t i o n  t i m e  s t u d i e s .  It 
was found t h a t :  

(1) t h e  watch mode of o p e r a t i o n  does not  seem t o  
o f f e r  any s i g n i f i c a n t  advantage over  t h e  o t h e r  
two modes, 

( 2 )  t h e  a l e r t  mode of o p e r a t i o n  appears  t o  be a 
r easonab le  choice  f o r  t h e  b a s i c  mode of ope ra t ion ,  and 

( 3 )  i t  i s  h igh ly  probable t h a t  a s leep  mode can be 
a p p l i e d  without  g r e a t  s a c r i f i c e  on t h e  crew 
safety and/or mission success .  
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I N T R O D U C T I O N  

One o f  t h e  important f a c t o r s  which govern t h e  p lanning  
and d e s i g n  o f  a n  advanced s p a c e c r a f t  f o r  a long  d u r a t i o n  manned 
mis s ion  i s  t h e  minimum crew s i z e  r e q u i r e d  t o  ensure  success .  
The number o f  a s t r o n a u t s  needed t o  o p e r a t e  a s p a c e c r a f t  i s  
dependent upon t h e  n a t u r e  o f  t h e  s p e c i f i c  mis s ion  o b j e c t i v e s  
and t h e  d e s i g n  of  t h e  space  v e h i c l e  as w e l l  as a la rge  number 
o f  o t h e r  f a c t o r s .  One o f  t hese  f a c t o r s  o f  g rea t  importance 
i s  t h e  mode o f  o p e r a t i o n  o f  t h e  s p a c e c r a f t ,  which s o  f a r  has 
r e c e i v e d  l i t t l e  s p e c i f i c  a t t e n t i o n .  Previous s t u d i e s  on manned 
space  s t a t i o n s  have gene ra l ly  assumed t h e  cont inuous watch mode, 
hence,  t h e  f o u r  man crew i s  w i d e l y  accepted  as a des ign  c r i t e r i o n  
as t h e  minimum f o r  long  du ra t ion  o p e r a t i o n s .  

I n  schedu l ing  t h e  work/rest  c y c l e s  f o r  t h e  crew members, 
d i f f e r e n t  modes of  o p e r a t i o n a l  c o n t r o l  can b e  s e l e c t e d .  Most 
i n v e s t i g a t o r s  o f  long  du ra t ion  mis s ions  have argued t h a t  a t  l e a s t  
O n e o f t h e  crew members should be scheduled t o  s t a y  w i t h  t h e  c o n t r o l  
conso le  a t  a l l  t imes;  whereas i n  past s h o r t  d u r a t i o n  exper ience  
a l l  t h e  a s t r o n a u t s  i n  a s p a c e c r a f t  have been allowed t o  s l e e p  a t  
t h e  same t i m e .  Without doubt, t h e  d e s i r a b i l i t y  o f  these modes w i l l  
depend t o  a great  e x t e n t  upon t h e  advancements of  t h e  aerospace  
technology i n  t h e  nea r  f u t u r e ,  and t h e  s e l e c t i o n  o f  modes w i l l  
have a profound impact on t h e  feasible  crew s i z e .  There a re ,  
however, two fundamental requirements:  s a f e t y  of t h e  crew, and 
a h igh  p r o b a b i l i t y  of mission success .  I n  t h i s  s tudy ,  these  two 
b a s i c  i s s u e s  w i l l  r e c e i v e  t h e  p r i m a r y  concern when t h e  r e l a t i v e  
m e r i t s  of t h e  v a r i o u s  p o s s i b l e  modes o f  o p e r a t i o n  are assessed. 
Only t h e  s p a c e c r a f t  ope ra t ions  i n  t h e  normal c r u i s i n g  phases  of 
a long  d u r a t i o n  miss ion  w i l l  b e  cons idered;  s p e c i f i c  requi rements  
f o r  e a r t h - o r b i t  launch,  landing  on a p l a n e t ,  e a r th  r e -en t ry  o r  
any o t h e r  c r i t i c a l ,  s h o r t  d u r a t i o n ,  mi s s ion  phases w i l l  no t  be  
emphasized here.  The p r o j e c t e d  s p a c e c r a f t s  a re  assumed t o  b e  
a u t o m a t i c a l l y  c o n t r o l l e d  under normal c o n d i t i o n s  w i t h  t h e  a s t r o n a u t s  
needed only  f o r  t h e  scheduled management and maintenance and i n  
t h e  event  of subsystem malfunct ion o r  o t h e r  emergency. It i s  t h e  
response  o f  t h e  a s t r o n a u t s  dur ing  such a cont ingency t h a t  i s  t h e  
c e n t e r  o f  o u r  a t t e n t i o n  i n  t h i s  i n v e s t i g a t i o n .  
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APPROACHES TO SPACECRAFT OPERATION 

One of the most critical activities of the crew mem- 
bers in spacecraft operations is to respond to a system mal- 
function which may lead to an emergency. The task of failure 
detection can be performed either by a man or by a machine; 
the relative capabilities and limitations of man and machine 
when performing this task have been discussed irrgreat detail 
in Reference 1. Both man and machine are capable of detecting 
and discriminating many forms of physical energy. In one in- 
stance, man may be required to perform the task because of his 
multipotentiality for sensing physical energies and his unique 
ability of making judgements. Where detection would be monotonous, 
hazardous, inefficient, or impossible f o r  man to perform, equipment 
sensors are required or desired. A survey of current technologies 
reveals that we can reasonably assume that an automatic failure 
detection and warning system capable of monitoring all the im- 
portant system performance and environmental parameters will become 
a standard equipment in all the future manned spacecrafts. Our 
main concern here is the manner in which action is taken by the crew 
member. 

There are, basically, three different modes of oper- 
ational control which can be applied in manning a spacecraft. 
They are: 

(1) Watch mode -- At least one crew member shall be 
assigned to man the control console at all times, 
so that he can be readily on hand in case of 
emergency to take proper actions that are called 
upon by the situation. 

(2) Alert mode -- At least one crew member shall be 
kept awake at all times. He may or may not be 
assigned to any duty; but he shall be alert at 
all times. 

( 3 )  Sleep mode -- All the crew members are allowed 
to sleep at the same time; they will be awakened 
by an audio warning signal in case of system 
failures or malfunctions which may threaten 
mission success or safety of the crew. 

EFFECTS OF MODE OF OPERATION ON CREW REQUIREMENTS 

The crew requirements reported in previous studies of 
advanced manned mission have been largely based on the concept 
that a number of crewmen have to be awake”at all times. A 
Boeing report on Saturn V Single Launch Space Station and Ob- 
servatory Facility2 specified that, in a space station manned by 
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a six-man crew, a t  l eas t  t w o  crewmen were needed t o  be awake a t  
a l l  t imes;  t h e y  might o r  might no t  be .ass igned t o  t h e  du ty  of 
manning t h e  c o n t r o l  console .  A Douglas r e p o r t  on s tudy  of  Man- 
ned Mars Exp lo ra t ion3  decided upon a six-man work/rest  c y c l e  i n  
which two crewmen were assigned t o  command c o n t r o l  du ty  a t  a l l  
t i m e s .  The d u t i e s  which must b e  performed a t  t h e  command pos t  
i n c l u d e  management f u n c t i o n s ,  v i g i l a n c e  moni tor ing  and data 
handl ing .  The presence  of  two crew members pe rmi t t ed  an  exchange 
i n  c o n t r o l  and t h e  temporary absence of one. I n  ano the r  Douglas 
r e p o r t  on t h e  o p t i m i z a t i o n  of  t h e  Manned O r b i t a l  Research 
Laboratory (MORL) System Concept4, t he  fo l lowing  ground r u l e s  
f o r  t h e  normal o p e r a t i o n  of t he  s p a c e c r a f t  i n  t h e  miss ion  o r b i t a l  
phase were e s t a b l i s h e d :  

(1) a t  l eas t  two crewmen must be awake and 
a v a i l a b l e  f o r  duty a t  a l l  t imes,  and 

( 2 )  one man must be  available f o r  s t a t i o n  
management a t  a l l  times; y e t  he d i d  not  
have t o  g i v e  t h i s  o p e r a t i o n  h i s  undivided 
a t t e n t  i o n .  

A work/rest  schedule ,  based on t h e  t h i r d  mode of oper- 
a t i o n ,  namely, t h e  s leep  mode, has y e t  t o  appear  i n  t h e  l i t e r a t u r e .  
The b a s i c  r easons  which have prevented  t h e  s e l e c t i o n  of t h i s  ap- 
proach are cons idered  t o  be  t h e  fo l lowing:  

(1) A s l e e p  mode of ope ra t ion  may g r e a t l y  
reduce t h e  crew s a f e t y  and/or t h e  proba- 
b i l i t y  of miss ion  success  i n  c a s e  of 
emergency. T h i s  w i l l  p r i m a r i l y  be 
caused by t h e  de lay  of r e spons ive  a c t i o n s  
due t o  degrada t ion  of human performance 
upon sudden awakening from s l e e p .  

( 2 )  The minimum crew s i z e  i s ,  sometimes, 
governed b y  t h e  requirements  i n  a c r i t i -  
c a l  mission phase,  such as Mars e x p l o r a t i o n ;  
t h e r e f o r e ,  a l a r g e  number of crew-men are 
a v a i l a b l e  f o r  normal o p e r a t i o n  i n  which t h e  
economy of manpower t h a t  a s l e e p  mode can o f f e r  
i s  deemed unnecessary.  

The Boeing Study p rev ious ly  mentioned i n d i c a t e d  tha t  2 

f o r  a n  ear th  o r b i t i n g  space s t a t i o n  designed t o  accomodate a 
six-man crew and a two-year miss ion ,  t he  t o t a l  t i m e  r e q u i r e d  f o r  
s t a t i o n  management was about 4 man-hours p e r  24  hour pe r iod .  
The Douglas Study on MORL 
t o  Operate t h e  s t a t i o n  i n  i t s  o r b i t a l  phase was about 5 man-hours 

4 r e p o r t e d  t h a t  t h e  average t i m e  r e q u i r e d  
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p e r  day .  
r e s u l t s  i n  up t o  20 man-hours p e r  day devoted t o  v i g i l a n c e  
moni tor ing  only .  On t h e  o the r  hand, i f  a sleep o r  an a l e r t  
mode i s  a p p l i e d ,  these  20 man-hours could be f u l l y  o r  p a r t i a l l y  
u t i l i z e d  f o r  o t h e r  crew func t ions .  I n  a s leep  mode, t h e  t i m e  
r e l i e v e d  from o p e r a t i o n a l  c o n t r o l  can b e  u t i l i z e d  f o r  any crew 
f u n c t i o n s  i n s i d e  of t h e  s p a c e c r a f t ,  whereas i n  an  a le r t  mode, 
t h i s  t i m e  can only be scheduled f o r  a c t i v i t i e s  o t h e r  t h a n  s leep  
(see F igure  1.) 
b i l i t y  t o  t h e  schedul ing  of c r e w  f u n c t i o n s .  Assuming t h a t  a l l  
crew members work 1 0  hours i n  every  2 4  hour p e r i o d ,  t h e  a p p l i -  
c a t i o n  of an  a l e r t  o r  s l e e p  mode of o p e r a t i o n  could r e s u l t  i n  
a maximum r e d u c t i o n  of 2 crewmen from the  requirement  of a 
watch mode. 

Based on these  e s t i m a t e s ,  a watch mode of o p e r a t i o n  

Therefore ,  t he  former p rov ides  a d d i t i o n a l  f l e x i -  

A comparison of t h e  r e l a t i v e  e f f e c t s  of t h e  o p e r a t i o n a l  
modes on s e v e r a l  important  crew requi rements  i s  g iven  i n  Table  1. 
It i s  obvious t h a t ,  i n  a d d i t i o n  t o  t h e  smaller number of crew 
needed f o r  t h e  o p e r a t i o n a l  c o n t r o l ,  a n  a p p l i c a t i o n  of t h e  s l e e p  
mode of o p e r a t i o n  w i l l  save  c r e w  t r a i n i n g  and r e s u l t  i n  more 
freedom t o  evolve  o p e r a t o r s  w o r k i r e s t  schedule .  It should be 
po in ted  ou t  t h a t  w h i l e  a s leep  mode i s  preferred over an  a l e r t  
mode s o  far as t h e  i n t e r a c t i o n  between t h e  s p a c e c r a f t  c o n t r o l  
and t h e  experiments  are concerned, i t ' s  a c t u a l  advantages on 
freedom of work/rest  schedule and t h e  crew t r a i n i n g  remain t o  be 
explored .  

HUMAN RESPONSE TIME 

The human r e a c t i o n  time upon r e c e i v i n g  an e x t e r n a l  
s t imu lus  and t h e  c a p a b i l i t y  o f  performing c e r t a i n  tasks i n  va r ious  
stages of  a l e r t n e s s ,  expec ia l ly  upon sudden awakening from s l e e p ,  
are t h e  most impor tan t  f a c t o r s  which must be cons idered  i n  re- 
viewing t h e  r e l a t i v e  merits o f  t h e  v a r i o u s  modes of o p e r a t i o n  
r e g a r d i n g  t h e  crew safe ty  and mission success .  

1. Normal React ion Time 5 9 6  

The t i m e  r e q u i r e d  t o  respond t o  a c e r t a i n  s i g n a l  de- 
pends upon t h e  c h a r a c t e r i s t i c s  of t h e  s i g n a l ,  t h e  sense  used,  
the complexity ef t h e  s i g n a l ,  the s igna l  rate, t h e  a l e r t n e s s  
of t h e  s u b j e c t  and a l a r g e  number of o t h e r  f a c t o r s .  When a sub- 
j e c t  i s  f u l l y  a l e r t ,  a d e c i s i v e  f a c t o r  on t h e  r e a c t i o n  t i m e  w i l l  
be t h e  complexity of t h e  s i g n a l s .  Whether a r e a c t i o n  i s  named 
simple o r  complex depends on the  n a t u r e  of t h e  d e c i s i o n s  t h e  sub- 
j e c t  must make i n  responding t o  t h e  s i g n a l s .  

A s i m p l e  r e a c t i o n  i s  a predetermined response 
t o  a given s t i m u l u s ,  such as p r e s s i n g  a bu t ton  
a f te r  pe rce iv ing  a s t imu lus  f o r  which no choice  
among a l t e r n a t e  responses  i s  r e q u i r e d .  The average 
r e a c t i o n  t ime f o r  t h i s  t y p e  of r e a c t i o n  i s  about  

a )  
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0 .20  t o  0.30 seconds, vary ing  w i t h  t h e  senses  
involved.  Even an extremely slow person ,  
b a r r i n g  p h y s i c a l  d i s a b i l i t y ,  can u s u a l l y  
s ta r t  a p h y s i c a l  movement w i t h i n  0 .5  second 
a f t e r  a s i g n a l  i s  given. The mean va lue  and 
t h e  range of  t h e ,  simple r e a c t i o n  t i m e  are 
shown i n  T a b l e  2 .  It should be po in ted  o u t  
t h a t  these  d a t a  were ga thered  under l abora -  
t o r y  c o n t r o l l e d  cond i t ions  and hence, are 
minimal; a t  l ea s t  0 . 5  a d d i t i o n a l  second might 
be expected under working c o n d i t i o n s  5 . 

b )  A complex r e a c t i o n  invo lves  a d e c i s i o n  be- 
tween two o r  more p o s s i b l e  s igna l - response  
combinations,  such as responding t o  one of 
s e v e r a l  numbered s i g n a l  l i g h t s  by pushing a 
s i m i l a r l y  numbered bu t ton .  A s  t h e  number of 
combinations i n c r e a s e s ,  t h e  t i m e  r e q u i r e d  t o  
respond t o  any one s i g n a l  a l s o  i n c r e a s e s ,  as 
shown i n  T a b l e  3. These data were c o l l e c t e d  
under such cond i t ions  that  t h e  o p e r a t o r  was 
w e l l  p r a c t i c e d  and motivated.  React ion t i m e  
under working cond i t ions  might be 1 t o  2 sec-  
onds longe r  t h a n  t h e  va lues  g iven  by t h e  
T a b l e ,  depending on t h e  number and complexity 
of t h e  choices  and t h e  exper ience  o f  t h e  i n -  
d i v i d u a l  . A s i m p l e  formula was g iven  by Hick 
i n  1952 t o  determine t h e  complex r e a c t i o n  
t i m e ,  which can be expressed as 

5 
7 

Tr = C loglo ( n + l )  + Tm ( i n  seconds)  

where Tr i s  t h e  r e a c t i o n  t i m e ,  n i s  t h e  number 
of  cho ices ,  C i s  a c o n s t a n t ,  and Tm i s  t h e  
movement t i m e .  For completely d i sc r iminab le  
s i g n a l s  and ungraded r e sponses ,  C w i l l  vary 
from 0.5 t o  0.65.  

2 .  Human Performance i n  Watchkeepinq 

Within t h e  scope o f  t h e  p r e s e n t  s tudy ,  t h e  word watch- 
keeping is ' s imply,  de f ined  a s  a task i n  which t h e  o p e r a t a r  monitors  
the  s t a t u s  of t h e  s p a c e c r a f t  through a v i s u a l  d i s p l a y ,  and i s  re-  
q u i r e d  t o  respond t o  s i g n a l s  t ha t  might  occur  a t  any t i m e  du r ing  
t h e  watch; and most of t h e  watch p e r i o d  i s  devoid of i n c i d e n t s  
and demands f o r  a c t i o n .  When t h e  s i g n a l s  appear i n f r e q u e n t l y ,  
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t h e  t a s k  i s  c a l l e d  a v i g i l a n c e  task.  
blems have i n d i c a t e d  that  long watch p e r i o d s  are harmful ,  t h a t  i s  
t o  s a y ,  t h e  l o n g e r  t h e  watch p e r i o d ,  t h e  mbre l i k e l y  t ha t  some 
s i g n a l s  w i l l  be missed,  and, when s i g n a l s  a r e  d e t e c t e d ,  r e sponse  
times w i l l  be  long.  
a t o r  might be able  t o  cont inue f o r  a number of  hours  wi thout  
s e r i o u s  v i g i l a n c e  decrement.  

S t u d i e s  of v i g i l a n c e  pro- 

When working c o n d i t i o n s  are good, an  oper- 

There i s  a widespread b e l i e f  t h a t  cont inuous ,  monoton- 
ous v i s u a l  s e a r c h  produces a c o n d i t i o n  a k i n  t o  hypnot ic  sleep 8 . 
It can be established i n  t h e  l a b o r a t o r y  tha t  obse rve r s  may l o s e  
v i g i l a n c e  beyond t h e  p o i n t  of v o l u n t a r y  recovery ,  namely, no 
matter how hard t h e y  t r y ,  they cannot  i n c r e a s e  t h e i r  a t t e n t i v e -  
n e s s  t o  t h e  s i g n a l s  be ing  searched f o r .  

It i s  known t h a t  t h e  human waking c e n t e r  i n  t h e  hypo- 
thalamus must be maintained a t  a high e x c i t a t o r y  l e v e l  by cont inued  
sensory  i n p u t .  Any r educ t ion  i n  t h e  sensory  i n p u t  c h a r a c t e r i s t i c  
of  monotonous s e a r c h  may reduce t h e  e x c i t a b i l i t y  o f  t h i s  o r  
analogous c e n t e r s  i n  t h e  c o n t r o l  of the a c t i v i t y  of  t h e  organism 
and, consequent ly ,  c o n t r i b u t e  t o  t h e  d e e l i n e  of v i g i l a n c e  and 
t o  a n  i n a b i l i t y  of t h e  observer  t o  r ecove r  v i g i l a n c e  v o l u n t a r i l y .  8 

Therefore ,  t h e  o p e r a t o r  should no t  be i s o l a t e d  from 
o t h e r  people  nor  deprived e n t i r e l y  of  i n c i d e n t a l  s t i m u l a t i o n s ,  
such as e a t i n g  o r  minor i n t e r r u p t i o n s ,  t h a t  i s  t o  s a y ,  he need 
no t  g ive  t h e  o p e r a t i o n  h i s  undivided a t t e n t i o n .  H i s  Derformance 

I 

can b e  
5 minut 
on a d i  

g r e a t l y  improved by a l lowing  a s h o r t  p e r i o d  of -  r e s t ,  s a y ,  
es every  ha l f  an hour. A t y p i c a l  example of  performance 
f f i c u l t  v i g i l a n c e  t a s k  w i t h  and without  res t  p e r i o d s  i s  

* 

shown i n  F igure  2.' I n  order t o  provide  a margin of s a fe ty ,  it i s  
p o s s i b l e  t h a t  an audio  alarm s y s t e m  should  be  used i n  pa ra l l e l  w i t h  
t h e  v i s u a l  d i s p l a y  even when an  o p e r a t o r  i s  r e q u i r e d  t o  s t a y  a t  
t h e  c o n t r o l  p a n e l  under t h e  watch mode of o p e r a t i o n .  It i s  common 
p r a c t i c e  t o  employ a warning horn i n  a i r c r a f t  t o  i n d i c a t e  a f a i l -  
.ure  t o  lower t h e  l a n d i n g  gear and aud io  s t a l l  warning d e v i c e s  even 
though adequate  v i s u a l  i n d i c a t o r s  are p r e s e n t .  
9 
3 .  i ieaction Time and Performance Vpon Sudden Awakening 

From S l e e D  

The problem of  human response  t o  a s t imu lus  immediately 
a f t e r  be ing  aroused from s l e e p  and t h e  e f f e c t i v e n e s s  of  h i s  per- I 

formance have r ece ived  only s c a n t  a t t e n t i o n  i n  t he  past;  l i t t l e  
c o n c l u s i v e  in fo rma t ion  can be ob ta ined  from l i t e r a t u r e .  However, 
r e c e n t  r e s e a r c h  i n  t h i s  a r e a  does p rov ide  some q u a n t i t a t i v e  r e s u l t s  
which are  p e r t i n e n t  t o  t h e  problems involved  i n  t h e  p r e s e n t  s tudy .  

I 
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Langdon and Hartman (1961) 9 r e p o r t e d  an  experlment i n  
which the human performance upon sudden awakening from sleep 
was observed.  The experiment c o n s i s t e d  of awakening f % v e  sub- 
j e c t s ,  i n d i v i d u a l l y ,  from 2 t o  8 hours  o f  s l e e p  by t u r n l n g  on 
the bedroom l i g h t  and shaking the s u b j e c t .  The s u b j e c t  was 
t h e n  h u r r i e d  t o  perform a w e l l  p r a c t i c e d  system-type psycho- 
motor task, u t i l t z l n g  the complex behav io r  s i m u l a t o r .  A l l  
tasks involved  d i s c r e t e  s i g n a l s ,  such as a l i g h t  f l a s h i n g  on, 
and s imple,  d i s c r e t e  responses ,  such as o p e r a t i n g  a t o g g l e  
switch which could t u r n  the l i g h t  o f f .  Performance was eva l -  
ua t ed  i n  terms of average response  time on a minute-by-minute 
basis a f te r  awakening, as shown g r a p h i c a l l y  i n  F i g u r e  3 .  The 
r e sponse  t i m e  on the f i r s t  few minutes  was approximately 20-30% 
l o n g e r  t h a n  t h e  presleep va lues .  
n o t i c e d  du r ing  the  t e n  minutes performance. It should  be  added 
that  t h e  p r o f i c i e n c y  on the  t e n t h  minute d i d  no t  r e a c h  t h e  pre- 
s leep l e v e l s ,  and there was no r e p o r t  on the  time r e q u i r e d  f o r  
a f u l l  recovery .  

P r o g r e s s i v e  recovery  was 

It i s  i n t e r e s t i n g  t o  note  a t  t h i s  p o i n t  t h a t  i n  a 
series of Russian s t u d i e s ,  Vas i lev  and colleagues'O found tha t  
the mean v a l u e s  f o r  peak muscle s t r e n g t h  and s u s t a i n e d  muscle 
s t r e n g t h  were lower a t  n i g h t  t h a n  a t  daytime; b u t  i n  the  45 
minutes  p e r i o d  between awakening a t  n i g h t  and performing a 5 km 
s k i i n g  r a c e ,  t h e  muscular s t r e n g t h ,  body tempera ture ,  and 
p u l s e  rates had r i s e n  t o  day t ime  l e v e l s .  T h i s  r e s u l t  impl ied  
t ha t  45 minutes would be more t h a n  enough t o  r ecove r  from sleep 
i f  v igorous  p h y s i c a l  a c t i v i t i e s  were cont inued  du r ing  t h i s  p e r i o d .  

Langdon and Hartman a l s o  p o i n t e d  o u t  tha t  misjudgment 
may occur  i n  performing complex tasks upon sudden awakenlng from 
sleep. For  example, a t  one base of t h e  A i r  Defense Command, 
p i l o t s  were al lowed t o  s leep on a le r t  duty  and were expected t o  
be a i r  borne w i t h i n  2 minutes a f t e r  a ' 'scramble" alarm was sounded, 
A crash occurred  d u r i n g  t ake  o f f  on such a scramble due t o  num- 
e r o u s  e r r o r s  made by t h e  p i l o t  awakened from a deep s leep .  A s  
a r e s u l t  of t h i s  a c c i d e n t ,  a l though sudden awakening was not  
proved t o  be  a f a c t o r ,  a l l  a l e r t  p i l o t s  i n  ADC were subsequent ly  
r e q u i r e d  t o  s t a y  awake. 

immediately a f te r  be ing  aroused  from a s h o r t  p e r l o d  of  a f t e r n o o n  
s leep when e i t h e r  a stage 4 o r  a 3-hour p e r i o d  sleep was reached .  
Twelve s u b j e c t s  were tested,  bo th  b e f o r e  and a f te r  t h e  s leep;  * 

t h e y  were r eques t ed  t o  respond t o  t he  s t i m u l i  by p r e s s i n g  the 
4 numbered swi t ches  i n  the  same o r d e r  as the 4 numbers s i g n a l e d  
on a d i s p l a y  pane l .  I n  each t e s t ,  t h e  s u b j e c t  was g iven  f i v e  
d i f f e r e n t  sequences w i t h  a 10-second i n t e r v a l  between them. 
The d l s c r i m i n a t i o n  r e a c t i o n  t i m e  measured was d e r t v e d  from t h e  
t i m e  t h e  number sequence s ta r ted  showing on the  p a n e l  t o  t h e  f i r s t  
key dep res s ion  o f  t h e  s e r i e s ,  and s e r i a l  task  t i m e  was measured 
from t h e  f i r s t  key depres s ion  i n  t h e  sequence t o  t h e  l a s t .  The 

Webb and Agnew (1964)11 s t u d i e d  t h e  r e a c t i o n  t i m e  
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averages  of  these measurements are p r e s e n t e d  i n . F i g u r e  4. It 
can be seen  that  f o r  serial  tasks, complete r ecove ry  occured 
i n  about  60 seconds on t h e  average, whereas f o r  a d lscrAmlnat ion  
r e a c t i o n  a r a p t d  recovery  was occur ing  i n  the f trst  30 seconds,  
b u t  fa i led t o  r e a c h  t h e  pre-s leep  l e v e l s  a t  the end of t h e  f i rs t  
60 seconds upon a r o u s a l ,  
first 60 seconds was about  25-30X l o n g e r  t h a n  the p re - s l eep  
l e v e l s  i n  bo th  c a s e s .  

The average  r e a c t i o n  time dur ing  t h e  

Probably t h e  most comprehensive, expe r imen ta l  s tudy  
concern ing  t h i s  problem is t h e  very r e c e n t  work conducted by 
J. S c o t t  of t h e  N a t i o n a l  I n s t i t u t e s  of Health,12 where a large 
number of s u b j e c t s ,  bo th  men and women, have been tes ted f o r  
t h e i r  r e a c t i o n s  t o  audio  s i g n a l s  du r ing  s leep,  f o r  t h e  r e a c t i o n  
t i m e  immediately af ter  awakening as w e l l  as f o r  the p rocess  of 
r ecove ry  from sleep. I n  each t e s t ,  t h e  s u b j e c t  s l e p t  i n  a bed 
w i t h  a b e l l  and a swi t ch  i n s t a l l e d  on i t s  headboard, and was 
i n s t r u c t e d  t o  press t h e  bu t ton  immediately upon a r o u s a l  by t h e  
b e l l .  T h i s  a c t i o n  would t u r n  of f  t h e  b e l l  and t u r n  on a d i s p l a y  
s imul t aneous ly .  There were four numbers on the  d i s p l a y ,  r ang ing  
from 0 t o  9 ,  two i n  red and two i n  wh i t e .  The s u b j e c t ' s  subse- 
quent  task was t o  c a l c u l a t e  the d i f f e r e n c e  between the  sum of  t h e  
two numbers i n  red and t h e  sum of t h e  two i n  white .  Some of t h e  
unpubl i shed  expe r imen ta l  resul ts  o b t a i n e d  by S c o t t  are shown i n  
F i g u r e s  5 t o  7 .  

F igu re  5 gave the  average r e a c t i o n  t i m e  beginning  from 
the  onse t  of t h e  b e l l  u n t i l  it was t u r n e d  o f f  by t h e  s u b j e c t  
upon awakening, It was noted t h a t  t h e  dedper s leep s t a g e  t h e  
s u b j e c t  was i n  b e f o r e  awakening, t h e  s lower  t he  r e a c t i v e  motion 
would be ,  d e s p i t e  the  f a c t  t h a t  t h e  t i m e  r e q u i r e d  t o  s ta r t  t h e  
f i rs t  muscle movement varied only  s l i g h t l y  among d i f f e r e n t  
stages of sleep. The t o t a l  r e a c t i o n  times immediately a f t e r  
a r o u s a l  from a stage 3 o r  s t a g e  4 sleep were about  4 times as 
much as the  v a l u e s  t aken  before  s leep,  and, when awakened from 
these deep stages o f  s l e e p ,  the  female (7) s u b j e c t s  showed a 
b e t t e r  performance t h a n  the i r  male ( 8 )  c o u n t e r p a r t s .  

Gf the 
s o l u t i  

F igu re  6 gave the average and the.9546 conf idence  range  
rrwnhlrrm -rrl.rC.(-.., 4-4-n. 

u u A c ; 1 i 1 - 3 u A u u ~ v A A  t,AIIIF; i i~ ied ia te l j i  a f t e r  wakening.  These 
on times v a r i e d  w i d e l y  among i n d i v i d u a l s  a f t e r  a stage 4 

sleep, and i n  t h e  wors t  case ,  i t  could be as much as 6 times 
t h e  s o l u t i o n  t i m e  needed when the  s u b j e c t s  were i n  t h e i r  normal 
awake s t a t e .  

F igu re  7 showed t h e  p rocess  o f  recovery .  A ,  B ,  C ,  D 
and E i n d i c a t e d  a sequence of t e s t s  w i t h  a n  approxtmate 30 
second time i n t e r v a l  between them. A was t h e  f i r s t  tes t  imme- 
d i a t e l y  upon awakening. It was c l e a r l y  shown that -the performance 
was very  poor  i n  t h e  f i r s t  45 seconds o r  so  a f t e r  a r o u s a l  from 
a stage 3 o r  4 sleep.  A t  t he  end of  t h i s  p e r i o d ,  the  performance 
had been improved by the  r a p i d  r ecove ry  t o  w i t h i n  30% d i f f e r e n c e  
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from t h e  normal r e a c t i o n  t imes .  And from t h e n  on, t h e  pace o f  
r ecove ry  slowed down for  a t  l e a s t  t he  nex t  2 minutes  o r  so .  It 
was u n f o r t u n a t e  t h a t  the sequence of  tes ts  was not  c a r r i e d . f a r -  
t h e r  t o  r e a c h  t h e  t i m e  o f  f u l l  r ecove ry .  

It should be poin ted  ou t  here t h a t  t h e  experiments  
d i s c u s s e d  above are a l l  conducted on t h e  ground. There was no 
in fo rma t ion  concern ing  t h e  a p p l i c a b i l i t y  of  these r e s u l t s  t o  
a s t r o n a u t s  conf ined  i n  a s p a c e c r a f t  o f  l imi ted  volume and i n  
a s ta te  of  we igh t l e s sness  f o r  a long  p e r i o d  of  t i m e .  However, 
e a r l i e r  s t u d i e s 1 3  i n d i c a t e d  t h a t  no s e r i o u s  decrements i n  per- 
formance would be expected. t o  r e s u l t  from t h e  r e s t r i c t e d  space-  
c r a f t  volume, as long  as t h e  l i m i t .  o f  t h e  volume does no t  
i n t e r f e r e  w i t h  t h e  crew mobi l i t y .  While some adve r se  e f f e c t s  
had been p r e d i c t e d  f o r  a person i n  a w e i g h t l e s s  s ta te ;  f o r  i n -  
s t a n c e ,  p h y s i o l o g i c a l  degrada t ion  was i n d i c a t e d  i n  some body 
s y s t e m s  and c e r t a i n  tasks might  be  d i f f i c u l t  t o  perform because 
de t he  dec rease  of muscle s t r e n g t h ,  it i s  conce ivable  t h a t  many 
of  t h e  problems c r e a t e d  by such s i t u a t i o n s  could be so lved  by 
t h o u g h t f u l  des ign .  Therefore ,  f o r  t h e  purpose of p r e s e n t  s tudy  
t h e  r e s u l t s  of  t he  ground based r e a c t i o n  t i m e  s t u d i e s  shall be 
cons ide red  a p p l i c a b l e  t o  t h e  a s t r o n a u t s  i n  t h e i r  long  d u r a t i o n  
miss ion ,  and t h e  i m p l i c a t i o n  o f  these r e s u l t s  can be summarized 
as t h e  fo l lowing :  

Normal r e a c t i o n  t ime t o  e x t e r n a l  s t i m u l i  depends,  
among o t h e p  f a c t o r s ,  t h e  complexity of t h e  sig- 
n a l s .  Simple r e a c t i o n s  take  less t h a n  one second, 
whepeas, r e a c t i o n s  of  a r e l a t i v e l y  more complex 
n a t u r e  may take three t o  f o u r  seconds under c e r t a i n  
working c o n d i t i o n s .  

Monitoring i s  a monotonous t a sk .  A person  s i t t i n g  
i n  f r o n t  of  a d i s p l a y  p a n e l  might  be i n  a s ta te  
of i n c i p i e n t  s leep.  Therefore ,  an audio  warning 
s y s t e m  i s  d e s i r a b l e  regardless of t h e  mode of  
o p e r a t i o n  t o  be a p p l i e d .  

When a pe r son  is aroused from sleep, t h e  t i m e  re- 
quired t= perform a si f iple  task of physical iiiotion, 
such as t o  press a b u t t o n ,  is about  three t o  f o u r  
seconds.  

Du t i e s  which r e q u i r e  a h u r r i e d  high l e v e l  o f  judge-  
ment and accuracy should nb t  be  undertaken by a 
person  who has  j u s t  awakened. A recovery t i m e  o f  
a t  l eas t  60 seconds should  be  allowed a f t e r  awaken- 
i n g  be fo re  he can be t r u s t e d  t o  perform such tasks. 

A r a p i d  recovery occurs  d u r i n g  t h e  f i rs t  60 seconds 
upon awakening from sleep, and t h e n ,  %he pave of re-  
covery slows down. A d e g r a d a t i o n  of  20-3011 i n  terms 
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of reaction time would be sustained for as 
long as 10 minutes after arousal; and a full 
recovery within 10 to 45 minutes can reason- 
ably be assumed. 

It is perhaps useful to mention here some practical 
experiences the Navy Department had acquired in the crew emer- 
gency response. R. Ditts of NAV Ships Organi~ation’~ observed 
that the crew of a large ship could be expected to be battle- 
ready about three minutes after the call for general quarters 
was sounded. In fact, four minutes is a readily achievable 
number even for very large ships. Many of the crew members in 
this exercise were asleep at the time when the call for gen- 
eral quarters was sounded. He felt that, in general, a margin 
of five minutes is more than adequate to be operational after 
awakening from a deep sleep. 

4. Mobility in the Zero-Gravity Environment 

The accumulated experiences of the astronauts in 
addition to the information resulting from the extensive re- 
search on simulated weightlessness indicated that, with ade- 
quate training, an astronaut can move in a spacecraft under 
zero-g environment with a speed comparable to that on the ground. 
While a maximum speed of 10 ft/sec15 may be obtainable, some 
problems involved in the motion of this high speed such as de- 
celeration remain to be solved; and a practical upper limit of 
3 ft/sec would be a reasonable estimate. Based on this figure, 
it is felt that when a sleep mode or an alert mode of operation 
is applied, a one minute response time would be more than enough 
for an astronaut to move to the control console from any posi- 
tion in a spacecraft with the size comparable to the proposed 
Saturn V Launched Orbital Workshop B in the events of emergency. 

TYPICAL SYSTEMS 

There is very little valid information known on the 
physiological and phychological effects of the human emotions 
such as anxiety, fear and fatigue which might be experienced 
by the crew members during emergencies on a long duration flight 
under a weightless condition. Caution, therefore, must be 
exercised in developing man-machine relationships. An ideal 
design policy would be that, in vehicle emergency operation, 
machines are used to detect, diagnose and isolate any system 
malfunction or failure while men are needed only to respond to 
these signals with decisions and actions. 



BELLCOMM, fNC. - 11 - 

As mentioned previously, the selection and the design 
of the instrumentation system used for fault detection, station- 
monitoring and, particularly for automatic fault-isolation and 
analysis, would be an ambitious task. In this present study, 
only the subsystem of fault detection and a display and warning 
subsystem of the previously mentioned instrumentation system 
are assumed to be basically automatically controlled and auto- 
matically processed. In operation, the performance of all the 
critical systems will be monitored by the equipment sensors and 
a full-time display-and-alarm system would be employed for alert- 
ing the crew if any critical subsystem should malfunction. A 
two-stage alarm system will be used in which the fault logic 
contains 2 thresholds : (1) "Emergency ," and (2) "Danger. '' The 
"Emergency" audio signals order all the crew members to enter 
the storm shelter airlock before any other corrective action 
may be taken whereas the "Danger" audio signals instruct the 
crewmen to get to the station control center as fast as possible 
for immediate situation assessment. The term "storm shelter 
airlock" here indicates and isolated compartment which has a 
separate environment, status display, and an exit through which 
the astronauts can enter the reentry vehicle. With this design, 
the immediate safety of the crew members remains the same in 
case of emergency, whateve,r the mode of operation is to be 
applied; because the difference of time required to enter the 
storm shelter between the crewmen who is awake and the one being 
awakened from sleep would only be a few seconds. On the other 
hand, the effect of the mode of operation on the overall mission 
safety needs to be studied, because there is a possibility that 
relatively large differences exist among various modes of 
operation concerning the total response time, including the time 
required for fault isolation and the repair of the malfunctioned 
subsystem. 

EFFECTS OF MODE OF OPERATION ON RESPONSE TIME 

The malfunction or failures of subsystems can be grouped 
into two classes: 

(1) "Emergency" situations which require 
immediate evacuation of a habitable 
space, and 

(11) "Danger" situations where there is no 
immediate threat to the crew safety, 
but corrective actions are required. 

Typical response procedures in case of a subsystem failure are 
shown in Figure 8. 
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I n  view of the f a c t  t h a t  the  ttme requ;tred t o  a rouse  
a pe r son  from s l e e p  i s  j u s t  a f e w  seconds,  t h e r e  would be ver$ 
l i t t l e  d i f f e r e n c e  i n  response times i n  a c l a s s  I f a i l u r e  w i t h  
respect ;  t o  t h e  mode of o p e r a t i o n .  

When a class I1 f a i l u r e  occur s ,  the r e s p o n s i v e  a c t i o n s  
of  the  crewmen can be grouped i n t o  3 phases: 

(1) To get t o  a c o n t r o l  console .  

( 2 )  Data a n a l y s i s ,  

( 3 )  F a u l t  i s o l a t i o n  and r e p a i r  (Class I I a )  o r  
Evacuat ion (Class I I b )  . 
The response  time o f  phase 1 a c t i o n s  i s  a f f e c t e d  bo th  

by the  d e s i g n  of t h e  s p a c e c r a f t  and the  human r e a c t i o n  t i m e  
which i n  t u r n  might be g r e a t l y  i n f l u e n c e d  by t h e  choice  of the 
mode of o p e r a t i o n ,  The t ime r e q u i r e d  f o r  phase 2 r e sponses  i s  
p r i m a r i l y  governed by the  des ign  of t h e  in s t rumen t  s y s t e m ,  and, 
t o  a lesser  e x t e n t ,  by t h e  human r e a c t i o n  t i m e .  T h e  t i m e  i n -  
vo lved  i n  f a u l t  i s o l a t i o n  and repair  i n  phase 3 i s  mainly con- 
t r o l l e d  b y  t h e  d e s i g n  of t he  t e s t  subsystem as w e l l  as t h e  main- 
t a i n a b i l i t y  of t h e  s p a c e c r a f t ;  only a small e f f e c t ,  if any, could 
be  brought  about  b y  t h e  choice of mode of  o p e r a t i o n .  It should  
be no ted  here tha t  the  evacua t ion  which i s  r e q u i r e d  i n  Class I I b  
c a s e s  i s  c l a s s i f i e d  as non-ca tas t rophic ,  that  i s  t o  s a y ,  ample 
r e sponse  t i m e  would be allowed t o  perform t h i s  evacua t ion  task; 
f o r  a c a t a s t r o p h i c  f a i l u r e  i n d i c a t i o n  w i l l  a c t i v a t e  the "Emergencytt 
alarm a u t o m a t i c a l l y  a t  any t i m e .  

S ince  t h e  a c t u a l  response t i m e  r e q u i r e d  f o r  data analy-  
s is ,  f a u l t  i s o l a t i o n ,  replacement o r  repa i r  i s  s o  much dependent 
upon the  des ign  of  the  ins t rument  s y s t e m s  i t  seems t o  b e  imposs ib l e  
t o  make an a c c u r a t e  q u a n t i t a t i v e  e v a l u a t i o n  of t h e  e f f e c t  of mode. 
However, based on t h e  g e n e r a l  conc lus ions  drawn from t h e  human 
behav io r  s t u d i e s ,  as d i scussed  i n  t he  p rev ious  s e c t i o n s ,  the  
r e l a t i v e  response  times r e q u i r e d  under each of t h e  three modes of 
o p e r a t i o n  can be estimated s imply  by comparison. 

The r e l a t i v e  working e f f i c i e n c y  of  t n e  crew members 
under  three s e l e c t e d  o p e r a t i o n a l  modes can be expressed  g r a p h i c a l l y  
as shown i n  F igu re  9 .  (The e f f i c i e n c y  of  a n  a le r t  mode i s  assumed 
t o  have a v a l u e  of  1 a t  a l l  t imes.)  Under a watch mode of oper- 
a t i o n ,  t he  working e f f i c i e n c y  of the o p e r a t o r  could  be as low as 
80% of  t h e  normal a l e r t  s t a t e  a t  t h e  t i m e  when the alarm i s  
sounded because t h e  o p e r a t o r  might be i n  a s ta te  of i n c i p i e n t  
sleep. It i s  assumed tha t  a f i v e  minutes  p e r i o d  is needed f o r  
a f u l l  recovery .  
c i ency  i s  about  33% a t  t h e  end of the f irst  1 0  seconds immediately 
fo l lowing  t h e  a r o u s a l  from sleep. It would r each  80% l e v e l  i n  

Under a s l e e p  mode of o p e r a t i o n ,  t he  e f f i -  
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60 seconds,  and ts i dea l lmd  t o  s t a y  a t  t h a t  level  u n t i l  10  
minutes  haa p a s t .  Then, a l f n e a r  fncrease of eff ' tc tency i s  
assumed by wh$.ch a f u l l  recovery would be reached tn 20 
mlnutes  a f te r  a r o u s a l  from s l e e p .  

By app ly ing  t h e  e f f l c l e n c y  e v o l u t i o n  g tven  by Ftgure  
9, the r e l a t i v e  s o l u t i o n  t imes o f  a subsystem f a t l u r e  f o r  each 
of the t h r e e  modes of ope ra t ion  can be p l o t t e d  a g a t n s t  t h e  
normal s o l u t i o n  t$me as shown i n  F igu re  1 0 ,  The normal s o l u t i o n  
time here is def ined  as the t o t a l  response  t tme r e q u i r e d  when the 
o p e r a t o r  i s  f u l l y  a le r t  and is  on watch a t  the d t s p l a y  pane l  a t  
a l l  t imes ,  
t i m e  r e q u i r e d  by a crewman t o  get  t o  the  c o n t r o l  console  and 
beg in  a f a i l u r e  a n a l y s i s  is assumed t o  be 60 seconds.  Under 
these aaaumptlons,  t h e  curves g iven  by F igure  1 0  show t h a t ,  
whl le  the watch mode of ope ra t ion  r e q u i r e s  the  smallest t o t a l  
s o l u t i o n  t lme,  t h e  p e n a l t y  t o  be  pa ld  by choosing an a le r t  mode 
of o p e r a t i o n  i s  very small. 
s e l e c t i o n  of t h e  l a t t e r  
when the  t o t a l  normal s o l u t i o n  time r e q u i r e d  I s  l e a s  than 5 .  
minutes .  For  a longe r  normal s o l u t i o n  t h e ,  the maximum d i f =  
f e r e n c e  between an a l e r t  mode and a watch mode i s  only 30 seconds.  
The sleep mode r e q u i r e s  t h e  longes t  s o l u t i o n  t i m e  as expected,  
which i s  about 1 t o  3 1 / 2  minutes longe r  than  that  r e q u i r e d  
under  a watch mode, depending upon the  l e n g t h  of normal s o l u t i o n  
t i m e  as can be seen  i n  t h e  F igure .  

I n  e i the r  an  a l e r t  o r  s l e e p  mode of o p e r a t i o n ,  t h e  

The de lay  of repair  caused by the 
i s  about one minute which occurs  only 

CONCLUDING REMARKS 

The ana lyses  presented  i n  the previous  s e c t i o n s  show 
that :  

(1) With t h e  warning system and s torm shel ter  
des ign  a s  assumed, there i s  no s i g n i f i c a n t  
d i f f e r e n c e  among t h e  t h r e e  modes o f  o p e r a t i o n  
cons idered  s o  far a s  t h e  safety of t h e  crew 
members I s  concerned, I n  case of emergency, 
t h e  t ime r e q u i r e d  t o  e n t e r  a s torm s h e l t e r  
between a crewman who is awake and one be ing  
awakened f rom s l eep  w i l l  d i f f e r  by only a 
few seconds.  

(2) There i s  very l i t t l e  advantage of t h e  watch 
mode of o p e r a t i o n  over  the a le r t  mode of 
o p e r a t i o n  $0 f a r  as the response  t ime i s  
concerned, except  i n  cases  i n  which the  
t o t a l  s o l u t i o n  t ime r e q u i r e d  f o r  a subsys- 
t e m  f a i l u r e  I s  very s h o r t  and a de lay  of  
60 seconds would s e r i o u s l y  e f f e c t  t h e  re- 
p a r i a b i l i t y  of t h e  subsystem, and hence,  
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j e o p a r d i z e  t h e  mission success .  

( 3 )  The p e n a l t y  p a i d  on response  t i m e  by  choosing 
a s l e e p  mode of ope ra t ion  i s  s l i g h t l y  l a rger  
t h a n  t h e  a l e r t  mode. But,  t h i s  d i sadvan tage  
may very w e l l  be  o f f s e t  by t h e  p o s s i b l e  sav ings  
on crew requi rements .  The c r u c i a l  p o i n t  i s  
whether t he  p o s s i b l e  3 1 / 2  minutes  d e l a y  can 
be t o l e r a t e d  without  t a k i n g  s e r i o u s  r i s k .  

Previous  s t u d i e s  l6,I7 i n d i c a t e d  t h a t  i n  a long  
d u r a t i o n ,  n e a r  earth o r b i t  miss ion ,  t h e  average  
r e p a i r  t i m e  r e q u i r e d  f o r  subsystem f a i l u r e s  i s  
more t h a n  one hour.  Two examples o f  t h e  r e p a i r  
task t i m e  estimated by North American Rockwell 
Corpora t ion  and t h e  Boeing Company are shown 
i n  F igu res  11 and 1 2 ,  r e s p e c t i v e l y .  S ince  
3 1 / 2  minutes  i s  only a small f r a c t i o n  o f  an hour ,  
i t  i s  f e l t  t ha t  a d e l a y  i n  tha t  o r d e r  would no t  
be  v i t a l  i n  most cases  of non-ca ta s t roph ic  
subsystem f a i l u r e s .  

r e q u i r i n g  
choice  of 
problems, 

1. 

2.  

3. 

4 .  

There are ,  however, a number of  fundamental  problems 
i n v e s t i g a t i o n  be fo re  any d e f i n i t e  conclus ions  on t h e  
s p a c e c r a f t  mode of o p e r a t i o n s  can be made. These 
among o t h e r s ,  a r e :  

What i s  the  p r o b a b i l i t y  o f  u n p r e d i c t a b l e  
f a i l u r e s  that  cannot be  preprogrammed and 
d e t e c t e d  by machine? When such an  unpred ic t -  
able occur s ,  what i s  man's a b i l i t y  t o  respond 
i n  o r d e r  t o  enhance t h e  crew s a f e t y  and mission 
success?  

What are t h e  number and n a t u r e  of  t h e  p r e d i c t e d  
haza rds  t h a t  cannot be  d e t e c t e d  by machine, 
b u t  are r e v e a l e d  only by man's unique c a p a b i l i t y  
of e x e r c i s i n g  judgement? 

What are t h e  p o s s i b l e  subsystem f a i l u r e s  f o r  
wnicn only a few minutes of  de l ay  i n  c o r r e c t i v e  
a c t i o n  could endanger crew s u r v i v a l  and/or  
miss ion  success?  

Are complete,  b u i l t - i n  t e s t  systems,  i n c l u d i n g  
t h a t  of au tomat ic  f a u l t - i s o l a t i o n  feasible  i n  
t h e  n e a r  f u t u r e ?  
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Needless t o  say t h a w  more ex ,ens ive  s t u d i e s  are 
appa ren t ly  needed t o  answer these impor tan t  q u e s t i o n s .  
a few,remarks can be drawn t e n t a t i v e l y ,  by u s i n g  the r e s u l t s  
o f  t h e  present s t u d y :  

However, 

1. 

2. 

3 .  

The watch mode of o p e r a t i o n  does no t  seem 
t o  o f f e r  any s i g n i f i c a n t  advantage ove r  
t h e  o t h e r  two modes cons idered  d u r i n g  
t h e  normal c r u i s i n g  phase of  a long-dur- 
a t i o n  f l i g h t .  

The a le r t  mode o f  ope ra t ion  appears t o  be  
a reasonable  choice f o r  t h e  b a s i c  mode o f  
o p e r a t i o n .  

It i s  h i g h l y  probable  t h a t  a sleep mode 
can b e  a p p l i e d  without  great s a c r i f i c e  
on t h e  crew safety and/or miss ion  s u c c e s s .  
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TABLE 2 

SIMPLE REACTION TIME (TAKEN FROM REF. 5 )  

STIMULUS REACTION T I  

MEAN I 

Sound 

Touch 

L i g h t  

0 .20  

0 .20  

0 . 3 0  

TABLE 3 

3 - SECONDS 

RANGE 

0 . 1 2 ~ 0 . 4 5  

COMPLEX REACTION TIME (TAKEN FROM REF. 5 )  

NUMBER OF CHOICES 

9 
10 

APPROXIMATE MEAN REACTION TIME ( s e c . )  

0 .20  

0 .35  
0 .40  

0 .45  

0 . 5 0  

0 .55  
0 . 6 0  

0 .60  

0 . 6 5  

0 .65  
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FIGURE 2 - PERFORMANCE ON A DIFFICULT VIGILANCE TASK WITH AND WITHOUT 
REST PERIODS (TAKEN FROM REF. 6)  
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FIGURE 4 - REACTION T I M E  AFTER BEING AROUSED FROM AN AFTERNOON SLEEP 
(BASED ON DATA TAKEN FROM REF. I I) 
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t 
SLEEP STAGE 

FIGURE 6 - PROBLEM SOLUTION TIME IMMEDIATELY AFTER AWAKENING FROM SLEEP 
(PREPARED BY J. SCOTT OF N IH) 
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RINGS TEST SEQUENCE (WITH A P P R O ~ .  A 30 SEC. INTERVAL BETWEEN THE TESTS) 

FIGURE 7 - RECOVERY PROCESS OF PROBLEM SOLUTION T I M E  
(PREPARED BY J. SCOTT OF N l H )  



-- 

MALFUNCT ION OR 
FAILURE OF A 

SUBSYSTEM OCCURS 
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FIGURE 8 - RESPONSE PROCEDURE TO A SUBSYSTEM FAILURE 
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T I M E  REQUIRED TO 
REACH THE CONTROL CONSOLE 

WATCH MODE 0 SEC. 
ALERT MODE 60 SEC. 

' SLEEP MODE 60 SEC. 

OPERATIONAL MODES 

- - - WATCH 
-----A ALERT - SLEEP 

NORMAL AWAKE SOLUTION T I M E  ( I N  MINUTES) 

FIGURE IO - SOLUTION T I M E  OF MALFUNCTIONS 
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